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Paleoclimate reconstructions from greenhouse gas 
and borehole temperature of polar ice cores, and 
study on the origin of greenhouse gas in permafrost 
ice wedges 
 
The Earth’s climate has been warming since the 20th century, and the current 
warming trend is expected to continue in the upcoming decades. For better projection and 
mitigation, it is essential to understand mechanisms for climate changes. The paleoclimate 
proxy archives provide invaluable information on natural climate variability and forcing 
mechanisms longer than centennial time scale that cannot be obtained from instrumental 
observations. Among the various natural proxy archives, the cryospheric archives that occupy 
about a quarter of the Earth’s surface, provide essential information on climate forcing factors 
in the past, however, due to polar amplification, the cryosphere is vulnerable to ongoing 
global warming. Therefore, this thesis aims to explore the possibility of paleoclimate 
reconstructions using various cryospheric proxy archives – polar ice cores, borehole 
temperature, permafrost ice wedges, and sea ice. 
Firstly, a new gas extraction system is developed for analyzing greenhouse gas 
compositions of the ancient air trapped in polar ice cores. Replicate analysis and comparison 
with previous data measured at Oregon State University demonstrate a good reproducibility 
and integrity for polar ice cores. The reliability of the extraction system was further examined 
for ice wedge ice and sea ice by comparison with needle-crushing dry extraction and biocide-
treated wet extraction. It is found that the wet extraction could bias the methane composition 
of the gas trapped in the ice wedges due to reactivated microbial activity during the melting 
and refreezing. Tests with soil-bearing bubble free ice show that the needle-crushing dry 
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extraction also contaminate CH4 results. Therefore, the biocide-treated wet extraction appears 
to be more reliable method than wet extraction and needle-crushing dry extraction. In the 
meanwhile, the ice wedge N2O measurements appear not to be significantly affected by wet 
extraction. For sea ice, it is difficult to observe the bias due to wet extraction because of 
extremely low air content.  
Using the newly developed gas extraction system, the atmospheric CH4 variability 
during the early Holocene (7.7 to 11.6 ka) was reconstructed from Siple Dome ice core, 
Antarctica. The new early Holocene CH4 records exhibit four abrupt CH4 drops in quasi 
1000-year spacing. Each event occurred in similar timings with abrupt cooling in Greenland, 
southward shift of ITCZ, and reduction of Asian- and Indian monsoon intensity. Comparing 
with the early Holocene CH4 records from Greenland ice core, the inter-polar difference of 
CH4 shows a gradual increase from the onset of the Holocene to around 9.5 ka, implying the 
extension of boreal CH4 source regions following deglaciation. 
The borehole temperature profile at Styx Glacier, northern Victoria Land, Antarctica, 
exhibits a warming signal between the 16th–18th century and the mid-20th century, while no 
recent warming is found since the mid-20th century. Using the annual-mean surface 
temperature data, the composite differences with Southern Annular Mode (SAM) index, 
center pressure and positon of Amundsen-Bellingshausen Sea Low show a significant 
negative correlation with annual mean SAM index. Comparison with the reconstructed SAM 
index indicates that the Styx Glacier temperature has been affected by SAM variability during 
the last centuries. 
The greenhouse gas compositions in permafrost ice wedges reflect the in-situ 
production of CO2, CH4, and N2O by microbial metabolism within ice wedge ice, despite 
abiotic N2O production cannot be ruled out. However, the microbial production of 
greenhouse gases are at least partly affected by reduction-oxidation potentials of ice, 
probably because different type of organic matter was input. In addition, gas diffusion in ice 
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can significantly affect the greenhouse gas compositions and distributions in centimeter scale 
for the Pleistocene-aged ice wedges. 
 
Keywords: paleoclimate, greenhouse gas, ice core, borehole temperature, permafrost, 
ice wedge 
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Chapter 1. Introduction 
 
The global mean surface temperatures have risen since the late 19th century, showing 
higher warming trends of 0.08 ± 0.01°C per decade (IPCC, 2013). The proxy-based 
temperature reconstructions indicate that the warming trend in Northern Hemisphere (NH) 
since the late 19th century is unprecedented for at least the last 1300 years (Mann et al., 2008). 
Together with the global warming, the global mean sea level has increased since the 20th 
century with higher sea level change rate (in 1.7 mm per year) in more recent years (Myhre 
et al., 2013). Under the ongoing global warming, the scientists attain knowledge on how the 
Earth’s climate and environment would respond to the global warming to better projection 
of the future climate change. The histories of the Earth’s climate and environmental changes 
are recorded in divers natural archives (i.e. proxy records). However, the past climate (i.e. 
paleoclimate) needs to be recovered with caution, and requires a proper understanding of 
characteristics of each proxy archive. Therefore, this study aims to explore the reconstruction 
of past climate changes using various proxy archives including Antarctic ice cores, Antarctic 
sea ice, and Arctic ground ice.   
Since the global warming was dominantly caused by anthropogenic greenhouse gas 
(GHG) emissions, knowledge of the GHG control mechanisms is important. However, the 
direct observation of the atmosphere was started since the mid-20th century. The ancient air 
older than the instrumental observation period is preserved in the bubbles in polar ice cores. 
Thus it requires a precise and reliable method for gas extraction from the ice without 
contamination. Without fail, the ice cores in Antarctica and Greenland have provided 
invaluable information on past GHG changes during the glacial-interglacial transitions, 
abrupt climate change events during the glacial period, and high frequency (up to multi-
decadal time scale) variations since 800,000 years before present (e.g. Bereiter et al., 2015; 
Loulergue et al., 2008; Schilt et al., 2010). However, knowledge on the GHG variability due 
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to natural controls under Holocene period is lacking, hampering understanding of 
contribution of natural emissions to the ongoing GHG increase. Therefore, methane (CH4) 
control mechanisms during the early Holocene period are discussed here.  
Another important aspect of global warming is inhomogeneous warming trend across 
regions (Myhre et al., 2013). Antarctica is one of the regions where non-uniform warming 
trends are observed over the recent decades (e.g. Steig et al., 2009; Nicolas and Bromwich, 
2014). On the other hand, surface temperature observations in the recent decades are not long 
enough to detect global warming signal in Antarctica (Jones et al., 2016). Therefore, the 
spatial and temporal coverage of temperature reconstructions need to be improved for better 
understanding of recent climate change and the response of Antarctic ice sheet to 
anthropogenic global warming. However, since the weather station records are scarce before 
the satellite observation commenced, surface temperature changes in Antarctica for older 
time period than satellite records are poorly understood so far. 
Stable isotope ratios of ice (δ18Oice and δDice) have been widely used to infer the past 
temperature changes during the last 800,000 years (e.g. Jouzel et al., 2007). Nonetheless, the 
stable isotope thermometry has problem that the slope between δ18Oice or δDice and 
temperature is not necessarily constant over time and region (e.g. Goursaud et al., 2018). 
Meanwhile, temperatures within the ice boreholes provide absolute temperature estimates 
because ice sheets preserve signal of surface temperature changes in a long-term manner. The 
surface temperature reconstructions using borehole temperatures were carried out in 
Antarctic Peninsula (Zagorodnov et al., 2012), West Antarctica (Barrett et al., 2009; Orsi et 
al., 2012; Cuffey et al., 2016), Dronning Maud Land (Muto et al., 2011), Law Dome (Dahl-
Jenssen et al., 1998), and Mill Island (Roberts et al., 2013), all of which reveal the surface 
temperature changes from the recent decades to last glacial period. However, no borehole 
thermometry data is available around the Ross Sea sector, where temperature change is 
related to global sea level rise, bottom water formation, and ocean productivity. Thus, the 
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surface temperature around the northern Victoria Land is presented here using borehole 
thermometry. 
Magnitude of climate change due to recent global warming is larger in northern high 
latitude regions than the rest of the world (e.g. Lee, 2014), which may lead permafrost 
thawing and subsequent releasing of buried organic carbon (e.g. Zimov et al., 2006). The 
amount of soil organic carbon in northern permafrost is more than twice of atmosphere 
(Tarnocai et al., 2009), sudden release of large amount of carbon could contribute to the 
climate change (e.g. McDonald et al., 2006; Brosius et al., 2012). Ice wedge is one of the 
most common morphological features of ground ice, which is grown by repetitive infilling 
of snow or meltwater into thermal crack during winter season (French, 2007). Because of the 
repetitive nature of forming process, there have been continuous efforts to use the ice wedges 
as paleoclimate or paleoenvironmental proxy archives. The δ18Oice and δDice of the ice wedges 
in northern high latitudes have been used to reconstruct regional winter temperatures in the 
past (e.g. Meyer et al., 2015), despite precise dating is still challenging (Opel et al., 2018). 
Meanwhile, unlikely to the polar ice cores, the GHG compositions in the bubbles of the ice 
wedge ice do not preserve the past atmospheric compositions due to in-situ alteration 
processes (e.g. Boereboom et al., 2013; Kim et al., in review). As most of the GHG produced 
are accumulated within the bubbles, the GHG compositions of the ice wedges likely reflect 
the in-situ microbial metabolism or chemical reactions and provide important information on 
possible contamination ways of the past GHG records in polar ice cores. 
This thesis is consist of seven chapters described as follows. Chapter 2 describes the 
newly designed gas extraction device that allows a high precision measurements of methane 
mixing ratio and total air content of ice core samples. The integrity of the system is validated 
for the Antarctic ice cores. In Chapter 3, the reliability of aforementioned gas extraction 
system is tested for impurity-rich ice samples including Antarctic sea ice and Arctic 
permafrost ground ice to understand the alteration effect during ice melting. Chapter 4 
presents a new high resolution [CH4] records from Siple Dome ice core, Antarctica, and 
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discuss the possible mechanisms for the observed [CH4] variabilities. Chapter 5 deals with 
the borehole temperature logging data from a shallow borehole at Styx Glacier, northern 
Victoria Land, and surface temperature reconstruction in this region since before 19th century 
by borehole temperature inversion. In Chapter 6, the GHG compositions of the Alaskan and 
Siberian ice wedges are presented and in-situ GHG production pathways are discussed. 







Chapter 2. Analytical method: a melting-
refreezing technique for simultaneous 
measurements of methane mixing ratio and total 
air content in polar ice cores 
 
Abstract. Atmospheric methane (CH4), a potent greenhouse gas, has been increased more 
than 2.5 times since the Industrial Revolution. Understanding the control mechanisms of CH4 
is essential for better projection of future climate change. The polar ice cores preserves the 
ancient air in the bubbles, allowing to study the climate analogues in the past. Above all, the 
reliable and precise analytical method has to be set up to extract the air from the ice cores 
without alteration. This chapter describe the new wet extraction system and methods 
designed for the simultaneous measurements of CH4 mixing ratio in polar ice core samples. 
The analytical precision of our system was estimated using polar ice cores from Siple Dome 
and Styx Glacier, Antarctica. The results of Siple Dome and Styx Glacier ice exhibit a pooled 
standard deviation among the duplicated ice sets from the 334 depths of 2.7 ppb for CH4 
mixing ratio and 0.002 ml g-1 for total air content. Reproducibility tests by measurements of 
the duplicated ice sets from the adjacent depth on different days (up to 225 days difference) 
yields PSD between results of the first and second analysis of 1.3 ppb (n = 15) and 0.003 ml 







Methane (CH4) is an important greenhouse gas and its global warming potential 
(GWP) relative to CO2 is about 28 at centennial timescales (Stocker et al., 2013). According 
to most of climate model scenarios, atmospheric CH4 mixing ratio ([CH4]) is expected to 
increase in the near future (Stocker et al., 2013). Therefore, knowledge of CH4 budget and its 
control mechanisms is essential for better prediction of future climate- and environmental 
changes. For this purpose, polar ice cores, the unique archive preserving the ancient air, have 
been used to reconstruct past atmospheric [CH4] variability over the past 800,000 years, in 
which [CH4] was lower during glacial periods and elevated during interglacial periods (e.g. 
Loulergue et al., 2008). The ice core records show a rapid growth of atmospheric [CH4] since 
the human industrialization (Etheridge et al., 1992; Macfarling-Meure et al., 2006). The ice 
core data have greatly improved our knowledge of the past evolution of atmospheric [CH4]. 
In addition, the ice core CH4 records are very useful for synchronizing the different ice core 
chronologies (e.g. Blunier et al., 2007) However, the details of analytical methods are not 
sufficiently documented. Therefore, clear and detailed description of methods and the 
uncertainty estimation makes it easier to compare and/or combine the different ice core data 
to draw more significant conclusions and to better simulation of future climate change. 
Several gas extraction techniques have been developed so far for [CH4] measurement 
from polar ice cores. Mechanical milling technique employs a cylindrical vacuum vessel 
having a smaller internal cylinder with cutting edges. The vessel is then oscillated to grate an 
ice sample placed in the internal cylinder. Since the ice sample is not melted and the vessel 
can contain ice sample as large as ~1400 g, this technique can be used for multiple analysis 
of soluble and non-soluble gas species (e.g. Stauffer et al., 1985; Etheridge et al., 1988, 1992; 
Macfarling-Meure et al., 2006). However, such ‘grating’ technique suffers from low 
extraction efficiency for smaller size samples due to lower gravity force (e.g. Etheridge et al., 
1988), and special care is needed to design the sample vessel because metal friction could 
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contaminate CH4 (e.g. Fuchs et al., 1993). Instead, sublimation technique using infrared 
radiation to sublimate the ice samples improves extraction efficiency up to near 100%, and 
eliminates potential contamination by metal friction (Güllük et al., 1997, 1998). The 
sublimation technique requires small ice samples (20 to 50 g) which is favorable for replicate 
analysis and therefore improving precision of measurements. However, this technique is 
time-consuming and labor intensive, and shows relatively large blank offset (48.8 ± 5.8 ppb) 
and high uncertainty for CH4 measurements (1σ = 8.5 ppb from 5 replicates, Güllük et al., 
1998). On the other hand, Robbins et al. (1973) extracted ancient air from Greenland and 
Antarctic ice by melting ~1100 g of ice samples for CH4 and carbon monoxide analysis using 
a gas chromatograph (GC). Later, Craig and Chou (1982) and Chappellaz (1990) introduced 
melting-refreezing extraction technique for CH4 analysis from small amount of ice (~40 g). 
These earlier works showed analytical uncertainty of 20 ~ 40 ppb (Craig and Chou, 1982) 
and 29 ~ 55 ppb (Chappellaz, 1990), respectively. Since then, the analytical uncertainty of 
wet extraction method has been improved to below 10 ppb (e.g. Mitchell et al., 2011, 2013). 
Compared to the dry extraction, the advantage of wet extraction method is twofold: 
(1) Wet extraction method is more time-efficient as multiple ice samples can 
be measured simultaneously (typically 8 to 22 samples per day, depending on system 
setup). This enables to produce [CH4] time series faster from an ice core. 
(2) Near 100% of gas extraction efficiency allows to measure total air 
content (TAC) of ice sample. TAC is also an important proxy of past elevation change 
of the ice sheet (e.g. Raynaud et al., 1997), local summer insolation (e.g. Raynaud et 
al., 2007, Lipenkov et al., 2011; Eicher et al., 2016), summer melting frequency (e.g. 
Hou et al., 2007), and surface temperature change (Eicher et al., 2016). By using 
barometric method described in Lipenkov et al. (1995), TAC can be measured 
simultaneously with [CH4].  
Despite Continuous flow analysis (CFA) system was recently developed and 
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substantially improved temporal resolution of the ice core [CH4] data (e.g. Chappellaz et al., 
2013; Rhodes et al., 2013). In CFA system, the ice rods are continuously melted and the gas 
is extracted from the meltwater flow by degassing membrane (e.g. Schupbach et al., 2009; 
Stowasser et al., 2012). It allows a fast analysis of deep ice cores in the field or in the lab, but 
accuracy of the CFA CH4 measurement has not been validated so far. Therefore, as the ultra-
high resolution CH4 records from CFA method need to be calibrated against the discrete 
measurements (Chappellaz et al., 2013; Rhodes et al., 2015), an accurate discrete analysis 
system is essential to contribute more reliable reconstruction of past climate change. In 
addition, discrete analysis technique is also applicable to fractured cores which cannot be 
used for CFA methods.  
Here, a new wet extraction system was designed for [CH4] and TAC analysis in polar 
ice cores. The system was developed based on the pre-established wet extraction line in 
Oregon State University (OSU), but modifications were made for (1) more precise [CH4] 
blank correction, (2) more robust and integrative [CH4] analytical uncertainty estimation, and 
(3) more reliable correction for thermal effect on TAC. The details of the system as well as 




2.2. Wet extraction line 
2.2.1. Vacuum line 
The new gas extraction system is composed of vacuum line, gas extraction part, and 
a GC system (Figure 2.1). The vacuum line is constructed with 316 grade stainless steel 
tubing and Swagelok®  bellows valves. The valves are connected with 6.35 mm VCR fitting 
with oxygen-free high conductivity copper (OFHC) gasket. The whole extraction line is 
evacuated by a turbomolecular pump (Alcatel Adixen ATP80, Pfeiffer Vacuum, Asslar, 
Germany) with a dry roughing pump (Alcatel Adixen ACP28, Pfeiffer Vacuum, Asslar, 
Germany). A Pirani pressure gauge (P1 in Figure 2.1, Granville-Phillips®  Convectron 475, 
MKS Instruments, Andover, MA) is installed at the vacuum outlet for test of system leakage.  
Sample container is a custom-made Pyrex glass flask welded to 70 mm diameter 
ConFlat® (CF) stainless steel flange (Larson Electronic Glass, Redwood City, CA). The 
sample flask used in this study is similar to that of OSU one (Grachev et al., 2009) having 
inner diameter of ~41 mm and height of ~110 mm. Our system has 10 blank CF flanges (70 
mm diameter) connected to Swagelok® bellows valves with polychlorotrifluoroethylene 
(PCTFE) stem tips and toggle hand. Once ice samples are placed, the sample flasks are 
connected to blank flanges of the vacuum line, sealed by 70 mm copper gasket. A vertically 
movable ethanol bath is used to keep cold the sample flasks during evacuating and refreezing 
stage. The ethanol bath is double-walled and covered by polyethylene foam to increase 
thermal insulation. The cavity walls are evacuated regularly to under 1.0 mTorr. The ethanol 
bath normally contains ~5.5 liter of ethanol (95% purity) and the ethanol is chilled by an 
immersion chiller (IMC-90, Operon, Incheon, South Korea) with the cold tongue is fixed in 
the bottom. A mechanical screw stirrer is placed in the middle of the bath to prevent thermal 
stratification. The 5.5 liter of ethanol in the bath is chilled down to approximately -85°C 
without placing the sample flasks. During the experiment, the ethanol temperature is 
maintained at -67 to -81°C. This is overall lower than that of OSU system (Grachev et al., 
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2009; Mitchell et al., 2011, 2013). The lower temperature of ethanol bath and inside the flasks 
is advantageous to reduce water vapor pressure in the sample air and hence more precise 
estimate of sample air pressure in the sampling loop (see below). 
 
2.2.2. Gas chromatograph  
For detection of the abundance of CH4 in the extracted sample air, Agilent®  7890A GC 
system was employed with a flame-ionization detector (FID). To exactly quantify the injected 
samples air, an automated six-port two-position valve (Valco gas sampling valve, VICI AG 
International, Schenkon, Switzerland) is mounted at GC and is connected to the extraction 
line, GC inlet, a sample loop and the capacitance manometer. The temperature inside the 
valve box is maintained at 50°C. A capacitance manometer (P2 in Figure 2.1, Baratron®  626A, 
MKS Instruments, Andover, MA) is connected to the six-port valve to measure the pressure 
inside the sample loop. The high purity nitrogen (99.9999% N2) is used for carrier gas 
because it is not explosive (safe), inexpensive, and its supply is stable. Despite the sample 
gas flow should be slower than hydrogen or helium carrier gas that makes peaks broad (e.g. 
Klee and Blumberg, 2002), the broader peak width (lower slope) is advantageous for precise 
analysis of trace-level gases because it is less sensitive to selecting integration windows in 
the automated processing in ChemStation®  software. The GC oven temperature is set to be 
50°C for gas injection. For cleaning up and conditioning of the GC column the oven was 
baked for about 30 min. at 220°C each day before the GC runs. After daily measurements the 
flame of FID turns off and remains a certain amount of column flow to preserve GC stability. 
The detailed GC settings are shown in Table 2.1. The working standards are primary standard 
cylinders calibrated to 395.5 ± 0.2 (mean ± 1σ), 721.3 ± 0.1, 895.0 ± 0.1, and 1384.9 ± 0.2 
ppb CH4 by National Oceanic and Atmospheric Administration Global Monitoring Division 
(NOAA GMD) in NOAA04 scale (Dlugokencky et al., 2005). The daily calibration is 
maintained by 12 injections of standard air, of which six injections are done before the sample 
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injection and another six injections after to take into account of possible change of GC 
condition throughout the analysis. Calibration curve is constructed by linear regression fit 
between CH4 peak area and total air pressure expanded through sample loop as follow: 
𝑃𝐴𝐶𝐻4 = 𝑎 ∙ 𝑃𝑎𝑖𝑟 + 𝑏                                               (Equation 1) 
where 𝑃𝐴𝐶𝐻4  represents the peak area, 𝑃𝑎𝑖𝑟   is the air pressure in the sample loop, 
coefficient a and b is slope and intercept of the regression line. The regression of the 12 
calibration runs yields R2 better than 0.999. The [CH4] of sample air is determined by ratio 
of 𝑃𝐴𝐶𝐻4 to 𝑃𝑎𝑖𝑟  that leads to: 
 [𝐶𝐻4]𝑠𝑎𝑚𝑝𝑙𝑒 = [𝐶𝐻4]𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ×
𝑃∙𝐴𝐶𝐻4−𝑏
𝑎∙𝑃𝑎𝑖𝑟













Helium flow 40 cm3 min-1 
Air flow 350 cm3 min-1 
Make-up flow 10 cm3 min-1 
Oven temperature 50°C (220°C for column conditioning) 
Sample loop 
Temperature 50°C 
Volume 5 cm3 
Column 
Type HAYSEP D 
Material Stainless Steel 
Length 183 cm 
Internal diameter 2.1 mm 
Mode Constant pressure 
Flow pressure 20 psi 
Pressure gauge 
MKS Baratron capacitance manometer (type 
626A, 0.15% accuracy) 







2.2.3. Total air content measurement 
The total air content (V in Equation 3) is a measure of the volume of air within unit 
mass of ice sample in standard temperature and pressure (STP) condition. This can be 
calculated following the formulation of Martinerie et al. (1992): 







                                                   (Equation 3) 
where mice denotes the mass of the ice samples, 𝑇0 and 𝑃0 are atmospheric temperature and 
pressure at STP conditions; 𝑉𝐶, 𝑇𝐶  and 𝑃𝐶  are pore volume, temperature and pressure of 










                                          (Equation 4) 
where 𝑉𝐹 , 𝑇𝐹  , and 𝑃𝐹   are volume, temperature and pressure inside a sample flask, 
respectively, and 𝑉𝑖𝑐𝑒  is volume of ice sample. Once the sample air is expanded into vacuum 
line and sample loop, then Equation 4 is divided into three terms due to different temperatures 

























)                                   (Equation 6) 
where PL is the sample air pressure after the air expansion and measured by a Baratron gauge. 
VL is the volume of the vacuum line excluding the sample flask and the sample loop, VS is 
the volume of sample loop and vacuum line inside the valve box, and VF is the inner volume 
comprising the sample flask, flange, 6.35 mm gland, and bellows valve. VF of one flask is 
measured by weighing the mass of 20°C deionized water filled in that flask, and this flask 
was used as a volume standard. Since the volume is not identical for each sample flask, VF 
was manometrically measured for each flask with a known volume of dry air. This was 
repeated 10 times for each, and mean of the 10 measures was taken as VF (143.8 ± 1.6 ml) of 
that flask. VL (31.6 ± 0.2 ml) and VS (6.0 ± 0.2 ml) was then estimated by the same method. 
TF, TL, and TS denote the temperature of air in the sample flask, vacuum line, and inside the 
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valve box, respectively. However, there is no direct measure of TF, TL, and TS which are the 
temperature inside the vacuum line. 
Therefore, the effective temperature (Teff) of sample air is used instead of TF, TL, and 
TS that are unknown. Teff is an average temperature of the molecules of sample air. The 
terminology of effective temperature (Teff) was first used in Mitchell et al. (2015), but here I 








)                                    (Equation 7) 
Teff of the sample air under the typical condition of gas extraction routine is 
determined as follow. A known amount of air was injected in a sample flask (142.3 mL) filled 
with glass beads (5 mm diameter). A total of 782 glass beads (equivalent to a total volume of 
51.2 mL) were used to account for the volume occupied by ice sample. For accurate measure 
of air pressure inside the flask (PFR), the air was injected under ambient temperature condition 
(i.e., no ethanol bath cooling, no valve box heating, and no GC oven heating). Then the 
immersion cooler and GC were turned on to set temperature gradient. After 6 hours the 
ethanol temperature stabilizes at -79°C, the air in the flask was expanded three times, and the 
air pressure change before and after expansion was observed. The air pressure inside the 
chilled flask before expansion (PF) cannot be measured directly, instead it was calculated by 
using Charles’ law with PF and the stabilized ethanol temperature of -79°C. The air pressure 
inside the vacuum line after expansion (PL,1, PL,2, and PL,3) was measured at the sample loop 
by capacitance manometer (P2 in Figure 2.1). From the ideal gas law, the sample air 






, (𝑖 = 1, 2, 3)                        (Equation 8) 
where Vbeads is total volume of glass beads, and Teff,i is the effective temperature of sample air 
for the i-th expansion. Therefore, Teff,i is estimated from Equation 8: 
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) , (𝑖 = 1, 2, 3)                        (Equation 9) 
From the tests, I obtained PL,1/PF = 0.877 and PL,2/PF = PL,3/PF = 0.758. The PL,1/PF 
reflects the condition that the cold air expands into the vacuum line at ambient temperatures 
(i.e. TL ≈ 20°C, TS ≈ 50°C). In contrast, PL,2/PF and PL,3/PF are the cases where the sample air 
expands into the vacuum line that is pre-chilled by the cold sample air expanded previously, 
so that the temperature difference between the sample air and the vacuum line is less than the 
PL,1/PF case. Here I consider 0.758 is more realistic ratio than 0.877 because the cold air is 
successively expanded during the typical gas extraction routine.  This is different from the 
method of Mitchell et al. (2015) where the authors calibrated Teff so that the resulting TAC 
data agree with the values predicted by empirical relationship between surface temperature 
and TAC (e.g. Martinerie et al. 1992, 1994). This method needs assumption that Martinerie 
et al.’s parameterization is correct.  
It should be noted that a portion of air bubbles located at the surface of the ice sample 
is opened and the air is lost by ice cutting during the sample preparation. The fraction of 
bubble air loss can be determined by mean bubble size, shape and bubble number density 
(e.g. Martinerie et al., 1990; Hou et al., 2007). The mean bubble diameter of Siple Dome ices 
is 0.34 ± 0.16 mm (1-σ, n = 130, bubble number density = 150 cm-3) at a thin section of ice 
sample at 580.56 m depth, which gives us the fraction of air loss of 6 ± 3% for an ice sample 
of 2.5 × 2.5 × 10 cm dimension assuming all spherical bubble shape. This value was taken as 
representative for the early Holocene samples and then corrected for all our measurements. 
According to Equation 6 and bubble cutting effect uncertainty, error propagation yields an 
analytical uncertainty of 0.003 ml g-1 for the Siple Dome ice. 
Through the melting-refreeze process, the extracted sample air contains water/ice 
vapor and it affects PF. The vapor pressure at given TF is calculated by Classius-Clapeyron 
equation (Wexler, 1977) and subtracted from PF. The vapor pressure in the sample flasks is 
lower than 0.005 torr over the range of TF below -65°C. The water vapor correction accounts 
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for less than 0.2 ppb for [CH4] and 0.0001 ml g-1 for TAC. 
The above assumption that TF is equal to the ethanol temperature is examined below 
by measuring vapor pressure of refrozen meltwater. The vapor pressure was estimated with 
evacuated sample flask containing the refrozen meltwater of glacial ice samples and a 
manometer with a pressure range of 0.1 to 100 mtorr (Baratron® 722A, MKS Instruments, 
Andover, MA). After evacuation, the flask was submerged in chilled ethanol bath and stored 
6 hours in order to equilibrate with ethanol temperature and to saturate the headspace with 
water vapor. Then the flask was opened and the pressure increase was observed. The pressure 
stabilized after ~5 min. and this pressure increment was considered to be due to ice vapor 
pressure. Assuming the headspace and vacuum line were saturated, the vapor pressure was 
converted to the temperature inside the flask by using the relationship given by Marti and 
Mauersberger (1993). The resulting TF is in average 2.7K higher than ethanol temperature. 
However, this gives the upper limit of TF, because the fact that TL and TS are higher than TF 
might increase the pressure estimate by the manometer at the end of the vacuum line. 
Furthermore, given the time between air expansion and GC injection (typically ~5 seconds) 
is not sufficient to establish thermal equilibrium, the actual TL and TS are likely to be lower 
than the ambient temperature and valve box temperature. Since there is no direct measure of 
temperature and pressure of sample air inside the vacuum line, the above assumption could 
bias TAC results. 
 
2.2.4. Analytical procedures 
Ice samples are prepared early morning in a walk-in freezer (under -20°C) and cut by 
dimension of 2.5×2.5×10 cm3, yielding an average weight of 40 to 55 g. Sample flasks are 
pre-chilled within a laboratory freezer (-24°C) overnight to prevent surface melting of the 
specimen in contacting with inner surface of flask. To prevent contamination by lab air, the 
outer 2 mm of the ice sample was trimmed out using a bandsaw. If samples contain cracks, 
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the ice around the crack was removed. The bandsaw was cleaned with ethanol before the first 
use. The ice flakes attached to the ice surface were removed with a paintbrush. The paintbrush 
for ice samples was cleaned by ethanol and ultrasonic cleaner before the first use. Then the 
ice samples are placed in each sample flask, and transported in an insulated ice box with an 
eutectic gel pack to the laboratory. The sample flasks are installed manually to flanges as 
soon as possible to reduce the time of exposure to ambient temperature. The flasks are sealed 
with OFHC copper gasket. To keep the ice samples frozen, the flasks are partially submerged 
into the chilled ethanol bath during sealing. After all the flasks are installed, the flasks are 
fully submerged into the chilled ethanol (under -80°C), and evacuated ambient air for more 
than 60 minutes. Air pressure of the sample flasks and vacuum line after evacuation is 
typically lower than 10 mTorr. The sample flasks containing ice samples are closed, and the 
standard air is injected into the flasks with bubble-free artificial ice. Then, a plastic bath with 
warm tap water (50°C) is placed to melt samples. After melted completely the flasks are 
submerged into ethanol bath again to refreeze. Generally, it takes ~40 minutes for refreezing 
completely. During refreezing, the GC pre-runs (20 runs) are done. Once the melting-
refreezing procedure is completed, the extracted air from each sample is analyzed three times 
with GC and average of the three measurements is taken as a mean [CH4] of each sample. 
The FID signal is obtained and the CH4 peak area is calculated automatically by Agilent 
ChemStation® software. To enhance signal-to-noise ratio of the CH4 peak, I reduced the 
sampling rate of the GC chromatogram to 5 Hz. The signal integration is ended at 1.6 min. 
after injection, and it takes ~1.5 min. to evacuate the vacuum line to baseline pressure. 
Ethanol temperature is maintained under -65°C during the GC measurement to minimize 
possible interaction with water vapor (vapor pressure of ice < 0.005 Torr). After the analysis 
of the 10 sample flasks is finished and the daily calibration curve is constrained, the entire 
sample flasks remained submerged in cold ethanol are evacuated sufficiently more than 1 
hour until the air pressure of the flasks decreases under 0.1 mTorr. Then the melting and 
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refreezing procedures were repeated in the same way as the first extraction. The air by the 
second extraction is expanded into GC sample loop to estimate the residual gas fraction (see 
Section 3.1) and [CH4] of air in refrozen meltwater ([CH4]residual; see Section 3.2). Due to 
small quantity of sample air, the air of the second extraction is analyzed only one time, and 
the CH4 peak area is manually integrated. After finishing the analysis, refrozen ice samples 
are weighted to calculate total air content per unit mass of the samples. Sample flasks and its 
plastic caps are washed every day after use with Alconox® detergent (Alconox, White Plains, 
NY) and dried in ultraviolet sterilizer under 50°C for 1 hour.  
The bubble-free artificial ice used for blank experiments is prepared as follows. 
Firstly, ultrapure water (18.2 ΩM cm) is boiled for 20 minutes in a 15.24 cm cylindrical 
vacuum chamber to expel dissolved air from water. An outlet bellows valve is attached with 
3.175 mm tubing to the flange and the valve is kept opening during boiling to vent water 
vapor out. Then, the outlet valve is closed and the chamber is slowly cooled from the bottom 
in a small ethanol bath for 12 hours. The ethanol temperature is maintained at -20°C by an 
immersion cooler (NESLAB CC100). After cooling, the chamber is taken out from the bath 
and remained at room temperature to gradually warm up. The artificial ice has cylindrical 
shape of 15.24 cm diameter and 15 cm height. From gas extraction test using our bubble-free 
ice without injecting standard air, no significant pressure increase was observed at the 
pressure gauge with a detection limit of 0.01 Torr (corresponding to less than 0.03% of 
sample air pressure in the extraction line) after melting-refreezing the bubble-free ice. 
 
2.2.5. Ice samples 
Siple Dome deep ice core was drilled from 1997 to 1999 on the Siple Coast, West 
Antarctica (81.65°S, 148.81°W; 621 m a.s.l.) (Taylor et al., 2004). The Siple Dome ice 
samples were collected and cut at National Ice Core Laboratory (NICL, Denver, Colorado, 
USA) from January to February of 2013. The brittle zone of Siple Dome ice starts below 400 
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m and continues to the bottom of the core at 1004 m (Gow and Meese, 2007) and samples 
from this region are more likely to be fractured. Hence, the samples were carefully collected 
from unbroken subsections during sample preparation at NICL. The samples were packed in 
insulated foam boxes with numerous eutectic gels, and shipped to South Korea via expedited 
airfreight. Temperature loggers showed the temperatures were maintained below -25°C. The 
boxes were picked up directly just after custom clearance at the airport and then the ice 
samples were stored in a walk-in freezer at Seoul National University (SNU, Seoul, South 
Korea) that was maintained below -20°C.  
Styx Glacier ice core is located in northern Victoria Land, Antarctica (73.85°S, 
163.69°E; 1623 m a.s.l.) (Han et al., 2015). A shallow (210 m) ice core was recovered in 2014 
– 2015 austral summer, and the firn air was sampled from 13 depth intervals (Han et al., 
2015). The Styx ice cores were shipped to cold storage at Korea Polar Research Institute 
(KOPRI, Incheon, South Korea), or which the ice samples for gas study were allocated in 
SNU. During transport of the samples, the ice cores were packed in isothermal boxes with 
eutectic gels, and the temperature inside the boxes were recorded. The temperature was 
maintained below -20°C.  
 
2.3. Data corrections 
2.3.1. Residual gas fraction 
Because the air is soluble to water, the extraction efficiency yields ~99% depending 
on samples. The fraction of re-dissolved gas during the melting-refreeze process is referred 
to residual gas fraction (r), which is calculated as a ratio between amount (pressure) of gas 
liberated by first- and second melt-refreeze procedures. Assuming the residual gas fraction 
being a constant (common ratio), the total air pressure (𝑃𝑡𝑜𝑡𝑎𝑙)  can be inferred by gas 
pressure after first extraction and residual gas fraction as below: 
  𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 𝑃3 + ⋯ =  
𝑃1
1−𝑟
                           (Equation 10) 
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(Pi=1,2, 3… = gas pressure at ith extraction) 
Thus the air content data were corrected for the residual gas fractionby multiplying 
1/(1-r). It should be noted that the residual gas fraction of bubble-free artificial ice is smaller 
than those of bubbly ice samples (glacier ice, ice wedge ice and sea ice). For example, a 
fraction of 0.4 ± 0.1 (1σ)% is obtained for the bubble-free artificial ice, 1.0 ± 0.1 (1σ)% for 
Siple Dome, and 0.9 ± 0.1 (1σ)% for Styx Glacier ice samples. JBS sea ice samples exhibit 
the residual gas fraction ranging from 0.5 to 3.6% (average of 1.3 ± 0.7 (1σ)%). The residual 
gas fractions of JBS sea ice appear to be related with salinity (see Chapter 3). The mean 
residual gas fraction of the ice wedge ice is obtained to be 0.8 ± 0.4 (1σ)%. 
 
2.3.2. Solubility correction 
Different solubilities of air components can alter gas mixing ratios during melting 
procedure. As the solubility of CH4 is higher than the other major components of air – 
nitrogen (N2), oxygen (O2), and Argon (Ar), the CH4 mole fraction of the extracted air is 
lower than originally enclosed air (solubility effect). The CH4 mole fraction of air enclosed 
in the original ice sample ([CH4]total) is estimated from residual gas fraction, CH4 mixing ratio 
in extracted air in headspace ([CH4]head), and in air remained in refrozen meltwater 
([CH4]residual) as below:  
[𝐶𝐻4]𝑡𝑜𝑡𝑎𝑙 = (1 − 𝑟) ∙ [𝐶𝐻4]ℎ𝑒𝑎𝑑 + 𝑟 ∙ [𝐶𝐻4]𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙                (Equation 11) 
[CH4]residual was estimated from selected sampled of Styx Glacier ice. Direct 
measurements of [CH4]residual were carried out by the 2nd gas extraction using the ice samples 
after the first gas extraction and GC analysis Although the pressure of second extraction air 
ranges 0.1 ~ 0.3 torr, and it unavoidably deteriorate robustness of peak area integration, I 
found a mean ratio of [CH4]residual to [CH4]head of 3.1 ± 0.5 from Styx Glacier (n = 12) and 3.0 






Table 2.2. Summary of [CH4]head and [CH4]residual from the second gas extraction using Styx 
Glacier and lab-made bubble-free ice. 
  
Sample 
[CH4]head [CH4]residual [CH4]residual/[CH4]head  
ratio (ppb) (ppb) 
Styx Glacier 852.7 2249.6 2.6 
 857.3 2405.2 2.8 
 804.7 2264.1 2.8 
 799.6 2006.2 2.5 
 762.1 2547.2 3.3 
 761.1 2820.7 3.7 
 764.2 2581.9 3.4 
 761.7 2728.8 3.6 
 714.8 1891.9 2.7 
 720.5 2257.6 3.1 
 683.8 1794.3 2.6 
 686.6 2860.2 4.2 
Bubble-free 
ice 
903.3 2893.2 3.7 
 904.1 2060.9 2.2 
 901.4 2737.2 2.9 
 898.9 2926.4 3.3 
 904.0 2829.1 3.3 
 903.5 2115.9 1.4 
 901.0 3230.0 3.7 
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The results are compared with theoretical estimate of solubility effect. [CH4]residual 
was calculated by applying Henry’s law to the four gas species considered (i.e. N2, O2, Ar, 
and CH4) that gives us the moles of each gas species dissolved in meltwater (Equation 12). 
Here Henry’s constants at 0°C are used, as it is assumed that all dissolution process occurs 
at 0˚C reaching complete equilibrium state in closed system, and that there are no changes in 




 (𝑖 = 𝑁2, 𝑂2, 𝐴𝑟, 𝐶𝐻4)                  (Equation 12) 
where ki denotes Henry’s constant in mol kg-1 Pa-1, and Xi is mixing ratio for gas species i. 
Under above assumptions, [CH4]residual appears to be enriched ~1.97 times than [CH4]head, 
which is lower than the result of direct measurements from the 2nd gas extraction (Table 2.2). 
The exact reason of why the [CH4]residual estimated by 2nd gas extraction are higher 
than those predicted by Henry’s law is currently unknown. The factors that affect [CH4]residual 
include the degrees of equilibrium during melting and refreezing processes, different gas 
diffusion speed in meltwater, and the blocking the gas escape pathway by rapid refreezing.  
 
2.3.3. Systematic offset correction 
I carried out tests with bubble-free artificial ice and standard air to determine 
systematic offset as follows. The bubble-free artificial ice was prepared with boiled deionized 
water (see Section 2.5) and cut by 2.5 × 2.5 × 10 cm3 dimensions in the work-in freezer using 
a bandsaw. After evacuation of the sample flasks containing the bubble-free artificial, the 
standard air is injected into the flasks, in which the pressure of the standard air is ~40 Torr. 
The sample flasks are then melted and refreeze in the same manner as described in Section 
2.4. The solubility correction for the bubble-free ice was done by Equation 11, where 
[CH4]residual is calculated by multiplying 3.0 to [CH4]head. After the solubility correction, it is 
observed that the corrected [CH4] from blank tests is greater than the assigned [CH4] of the 
injected standard air. The offset between the mean of the corrected bubble-free ice results and 
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the assigned standard concentration is defined as the systematic offset. Because the offset 
varied day by day, each day 4 bubble-free ice samples were measured together with natural 
ice samples. Then the mean daily systematic offset estimated from the bubble-free ice is 
subtracted from the results of glacial ice after correction for gas solubility effect. It was found 
that the inter-day systematic offset has a large range of ~2 to 22 ppb, but daily offset among 
the four bubble-free artificial ice appears nearly constant. I consider that our method of 
correction for the systematic offset is reliable because our results on different days agree well 
(Table 2.3). The offset is probably caused by small leakage on sample flask sealing and 
contaminants in vacuum line or bellows valves. The systematic offset of TAC measurements 
cannot be measured because no standard material is available for TAC. 
Rubino et al. (2013) reported that the bubble-free ice could induce a contamination 
of ~0 to 25 ppb CH4, depending on quantity of ice and the method of the bubble-free ice 
preparation. To test the bubble-free ice used in this study (SNU bubble-free ice), I performed 
the identical wet extraction procedure without injecting standard air. Amount of gas extracted 
from the SNU bubble-free ice was lower than detection limit (0.01 Torr) of pressure gauge 
used in our system, which is corresponding to less than 0.03% of sample air pressure. Further, 
I also conducted the same test with different mass of bubble free ices, but no systematic 
correlation with bubble free ice quantity was observed. Thus, I conclude that the 
contamination by air included within the bubble-free ice is negligible. 
 
2.4. Results and Discussion 
2.4.1. Analysis of Antarctic ice cores 
To test reproducibility of our system, additional measurements were made using Siple 
Dome and Styx Glacier ice cores, Antarctica. A total of 15 depths were randomly chosen 
where early duplicate ice sets were analyzed (8 from Siple Dome and 7 from Styx Glacier). 
Then, another duplicate set was cut at each adjacent depth of the first measurement, and 
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analyzed 8 to 225 days after the first measurement to check long-term change of the system 
conditions and the daily-offset correction methods. Table 2.3 summarizes the results of the 
reproducibility test and demonstrates good agreements between the first and second analysis. 
The PSD between the means of the first and second replicate analysis yields 1.3 ppb, and 
PSD of the four-individual ice sets from the 15 depth intervals is 2.8 ppb. Considering 
possibility of inhomogeneous distribution of [CH4] in ice, it is expected that the analytical 
uncertainty should be better than the PSD. Thus, the reproducibility check with adjacent ice 
supports that our air extraction and correction methods are robust. Since practically two ice 
samples for each depth of ice cores were analysed, and report the means of the duplicate sets 
for publication, the data uncertainty at a specific depth can be estimated by the PSD of the 
individual ice divided by square root of 2. It is interesting to note that the PSD of the duplicate 
means (1.3 ppb) is smaller than the PSD of the 4 individual sets divided by square root of 2 
(2.8 / 21/2 = 2.0 ppb). It may be attributed to the actual smoothing of inhomogeneous [CH4] 
distribution by taking the mean of the two individual ice samples is greater than the case that 
the [CH4] in ice follows Gaussian distribution. Because the individual ice has a size of ~50 
g, the mean of duplicates represent the mean [CH4] in ~100 g ice. Thus, I suspect that the 
scattering of [CH4] distribution in ~50 g size can be well smoothed out in ~100 g size level 
in the two Antarctic ice cores. 
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Table 2.3. Replicate measurements for [CH4] from eight depth intervals of Siple Dome and seven intervals of Styx Glacier ice core. Duplicate 
results of the first and second measurements are shown. The rightmost columns demonstrate the difference and experimental time interval 
between the original and replicate results measurements. The Siple Dome results are from Yang et al. (2017). 
 
Ice core Depth (m) 
First measurement Second measurement 
1st – 2nd  























523.15 634.8 634.7 634.7 ± 0.1 27/01/14 637.5 634.3 635.9 ± 1.6 24/02/14 -1.2 ± 1.6 29 
Siple 
Dome 
530.95 669.0 665.8 667.4 ± 1.6 03/02/14 669.4 670.7 670.0 ± 0.7 24/02/14 -2.6 ± 1.7 22 
Siple 
Dome 
558.30 682.5 678.2 680.3 ± 2.2 14/03/14 687.5 678.3 682.9 ± 4.6 02/04/14 -2.6 ± 5.1 20 
Siple 
Dome 
559.85 689.8 680.3 685.0 ± 4.7 03/02/14 683.8 690.0 686.9 ± 3.1 26/03/14 -1.9 ± 5.6 52 
Siple 
Dome 
561.15 687.8 689.2 688.5 ± 0.7 14/03/14 684.0 690.4 687.2 ± 3.2 02/04/14 1.3 ± 3.3 20 
Siple 
Dome 
562.41 687.2 685.5 686.4 ± 0.8 26/03/14 689.4 686.4 687.9 ± 1.5 02/04/14 -1.5 ± 1.7 8 
Siple 
Dome 
575.91 679.2 679.2 679.2 ± 0.0 07/02/14 686.7 678.9 682.8 ± 3.9 28/03/14 -3.6 ± 3.9 50 
Siple 
Dome 
578.15 675.6 685.1 680.4 ± 4.7 04/02/14 676.0 680.7 678.3 ± 2.4 24/04/14 2.0 ± 5.3 80 
Styx 
Glacier 
120.63 684.1 683.1 683.6 ± 0.5 10/11/15 683.2 680.4 681.8 ± 1.4 22/06/16 1.8 ± 1.5 225 
Styx 
Glacier 
122.54 683.1 679.9 681.5 ± 1.6 12/11/15 686.0 678.7 682.3 ± 3.6 13/01/16 -0.8 ± 3.9 62 
Styx 
Glacier 
124.57 678.1 673.7 675.9 ± 2.2 12/11/15 682.9 678.0 680.4 ± 2.4 14/01/16 -4.5 ± 3.3 63 
Styx 
Glacier 
125.58 675.1 670.3 672.7 ± 2.4 03/09/15 676.5 677.0 676.7 ± 0.2 14/01/16 -4.0 ± 2.4 133 
Styx 
Glacier 
135.14 673.6 679.2 676.4 ± 2.8 05/07/16 678.4 679.6 679.0 ± 0.6 08/09/16 -2.6 ± 2.9 65 
Styx 
Glacier 
136.14 683.0 681.5 682.2 ± 0.8 24/11/15 681.4 686.1 683.8 ± 2.3 14/01/16 -1.5 ± 2.4 51 
Styx 
Glacier 




The precision of our results from Siple Dome and Styx Glacier ice samples are 
comparable with those of Oregon State University (OSU). Mitchell et al. (2011) measured 
duplicate ice sets from the identical depths and reported PSD between the mean of the first 
and second results of 2.8 ppb from West Antarctic Ice Sheet (WAIS) Divide WDC05A ice 
core samples. Mitchell et al. (2013) also showed 2.4 ppb from both WAIS Divide WDC06A 
core and Greenland Ice Sheet Project 2 (GISP2) ice. 
The reproducibility tests of TAC were carried out using Siple Dome and Styx Glacier 
ice samples as well, and shown in Table 3. The results exhibit that PSD among the means of 
the first and second duplicate sets is 0.003 ml g-1, and PSD of the individual ice measurements 
is also 0.003 ml g-1. In addition, PSD of the four individual measurements divided by square 
root of 2 (0.002 ml g-1) agrees with PSD between the duplicates of the Siple Dome and Styx 
Glacier data set produced in this study (0.002 ml g-1, n = 338), which is smaller than PSD 
between the means of the first and second duplicate sets (0.003 ml g-1, n = 12). It might be 
due to the centimeter-scale TAC fluctuations and/or system condition change over the time 
period between the first and second measurements.  
To test reliability of our system, I analyzed ice samples at selected depths from Siple 
Dome ice core and compared our results with previous data measured at OSU (Ahn et al., 
2014) and Washington State University (WSU, E. Brook, personal communication). Siple 
Dome samples were chosen at the nearest available ices from the samples measured 
previously at OSU and WSU. All sample pairs have depth difference of 10 cm, which 
corresponds to age difference of 3.1 years at 600 m, and 11.2 years at 730 m depth according 
to Siple Dome gas chronology (Severinghaus et al., 2009). These age discrepancies are 
negligible given that the full width at half height of the age distribution of CO2 is ~42 years 
in Siple Dome (Ahn et al., 2014). For CH4 comparison, the most recently published OSU 
dataset were used because OSU wet extraction system has been updated considerably (e.g. 
Grachev et al., 2009; Mitchell et al., 2011) since the earlier publication (e.g. Brook et al., 
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2005). The solubility corrections of SNU dataset were estimated based on direct measure of 
[CH4]residual by the second gas extraction (see Section 3.2). I measured 20 samples from 10 
depth intervals over 520-595 m, and 8 samples from 4 depths over 688-710 m. The data agree 
well with OSU data yielding an average (SNU – OSU) of 0.8 ± 5.2 ppb (Figure 2.2 and Table 
2.5).  
For TAC, I compared 12 samples in 520–595 m, and 5 samples in 645-710 m interval. 
SNU TAC data show higher values than previously measured WSU/OSU data set (Figure 
2.3). Since WSU/OSU records were not corrected for the bubble-cut effect, I used the SNU 
data uncorrected for the bubble-cut effect for better comparison. The average difference of 
17 sample pairs is 0.011 ± 0.005 ml g-1. 
As a well-mixed gas, [CH4] time series from different Antarctic ice cores should 
record similar [CH4] change in the past atmosphere, despite the ice core [CH4] records are 
smoothed by different firn conditions. The Siple Dome CH4 records measured in this study 
show good agreements with WAIS Divide CH4 data measured at OSU and Pennsylvania State 
University (PSU, University Park, PA) (Figure 2.4). WAIS Divide ice samples from 115.05 
to 1097.78 m (0.17 to 4.67 ka on WD2014 scale) were measured at OSU, and the samples 
from 1101.40 to 1948.30 m (4.69 to 11.24 ka) and from 2709.38 to 3403.00 m (26.39 to 67.15 
ka) were analyzed at PSU. For the interval of 1955.30–2708.43 m (11.31–26.36 ka), the 
WAIS Divide ice were measured at OSU and PSU. The PSU-WAIS data were corrected by 
increasing 7 ppb to all measurements to fit to OSU results (WAIS members, 2015). The 
chronology of Siple Dome CH4 records was synchronized to WD2014 scale by matching CH4 






Figure 2.2. Comparison of Siple Dome CH4 measured at SNU with previous results. 
Composite record of Siple Dome discrete CH4 measurements at SNU and OSU is plotted in 
gray (Seltzer et al., 2017). SNU results using adjacent samples of OSU dataset are plotted in 
red square (Yang et al., 2017; this study), and corresponding OSU results are shown in blue 
triangle (Ahn et al., 2014; Brook, E. J., unpublished data). The differences between SNU and 






Figure 2.3. Comparison of Siple Dome total air content (TAC) measured at SNU (this study) 
with previous results at OSU (blue, Brook, E. J., unpublished data) and WSU (green, Brook, 
E. J., unpublished data). SNU results using adjacent samples of previous measurements are 
plotted in red square, and corresponding OSU/WSU results are shown in blue. The 







Figure 2.4. Comparison of Siple Dome CH4 records with WAIS Divide (WDC06A) discrete 
CH4 data for the period from the last glacial maximum. Siple Dome CH4 data measured in 
SNU are marked in red dots and WAIS Divide CH4 in gray (WAIS Divide project members, 
2013; Marcott et al., 2014).
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Table 2.4. Replicate measurements for total air content from six depth intervals of Siple Dome and six intervals of Styx Glacier ice core. 
Duplicate results of the first and second measurements are shown. The rightmost columns demonstrate absolute difference between the original 





First measurement Second measurement 
Difference in means  
of 1st – 2nd 
Dup. 1 Dup. 2 




Dup. 1 Dup. 2 








Siple Dome 523.15 0.127 0.129 0.128 ± 0.001 27/01/14 0.124 0.125 0.125 ± 0.001 24/02/14 0.003 29 
Siple Dome 530.95 0.132 0.131 0.132 ± 0.001 03/02/14 0.131 0.130 0.131 ± 0.002 24/02/14 0.001 22 
Siple Dome 558.30 0.130 0.133 0.132 ± 0.001 14/03/14 0.125 0.127 0.126 ± 0.001 02/04/14 0.007 20 
Siple Dome 559.85 0.131 0.130 0.130 ± 0.001 03/02/14 0.128 0.130 0.129 ± 0.001 26/03/14 0.004 52 
Siple Dome 561.15 0.126 0.130 0.128 ± 0.002 14/03/14 0.124 0.130 0.127 ± 0.003 02/04/14 0.004 20 
Siple Dome 562.41 0.133 0.127 0.130 ± 0.003 26/03/14 0.126 0.131 0.128 ± 0.003 02/04/14 0.003 8 
Styx 
Glacier 
120.63 0.119 0.117 0.118 ± 0.001 10/11/15 0.120 0.119 0.120 ± 0.001 22/06/16 0.002 225 
Styx 
Glacier 
122.54 0.116 0.114 0.115 ± 0.001 12/11/15 0.124 0.122 0.123 ± 0.001 13/01/16 0.008 62 
Styx 
Glacier 
125.58 0.122 0.120 0.121 ± 0.001 03/09/15 0.125 0.123 0.124 ± 0.001 14/01/16 0.003 133 
Styx 
Glacier 
135.14 0.120 0.124 0.122 ± 0.002 05/07/16 0.115 0.113 0.114 ± 0.001 08/09/16 0.008 65 
Styx 
Glacier 
136.14 0.124 0.123 0.123 ± 0.001 24/11/15 0.118 0.120 0.119 ± 0.001 14/01/16 0.004 51 
Styx 
Glacier 




Table 2.5. Comparison of Siple Dome CH4 measured in SNU and OSU. The older OSU data 
(Brook et al., 2005) are not used for SNU-OSU comparison (see text). 













520.09 636.9 520.18 642.2 -0.09 -5.3 
523.15 635.5 523.05 627.8 0.10 7.7 
524.14 632.3 524.04 635.2 0.10 -2.9 
526.13 651.1 526.03 647.7 0.10 3.4 
532.91 652.8 532.98 661.0 -0.07 -8.2 
534.15 660.3 534.05 657.8 0.10 2.5 
538.27 666.4 538.17 664.3 0.10 2.1 
570.66 702.5 570.66 704.4 0.00 -1.9 
585.32 705.8 585.26 709.9 0.06 -4.1 
592.35 707.5 592.25 694.8 0.10 12.7 
688.82 467.2 688.81 464.7 0.01 2.5 
699.19 405.1 699.19 406.8 0.00 -1.7 
707.08 373.1 707.11 372.2 -0.03 0.9 
709.63 377.3 709.66 373.7 -0.03 3.6 
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2.4.2. Internal error sources in polar ice 
Since the daily systematic offset is calculated from the mean of the four flasks with 
bubble-free ice and standard air, scattering of the bubble-free ice results causes uncertainty 
in the systematic offset correction. The uncertainty of the daily systematic offset is estimated 
with the standard error of the mean (SEM) of the four bubble-free ice results, because the 
daily systematic offset is calculated from the mean of the bubble-free ice samples. From the 
Siple Dome and Styx Glacier analysis, the SEM of the four corrected bubble-free ice was 
obtained as 2.0 ± 1.0 ppb (n = 318) on average. The difference between the duplicate ice 
samples from the same depth reflect another important uncertainty sources. Since the 
duplicate ice samples from the same depths were always measured in the same day, the 
identical systematic offset correction was applied, and therefore the differences between the 
duplicate ice samples are caused by another uncertainty sources except for the systematic 
offset. It may include the uncertainties due to the solubility correction and inhomogeneous 
distribution of CH4 in ice. I calculate this uncertainty as PSD between the duplicate samples 
from entire depths, yielding 3.3 ppb (n = 129) from Siple Dome, and 2.1 ppb (n = 217) from 
Styx Glacier data sets. Our solubility correction uses the mean value of residual gas fraction 
and the CH4 mixing ratio of the residual gas ([CH4]residual) which enriches in the retrapped air 
by the order of 1.022 ± 0.001 for Siple Dome, and by 1.019 ± 0.002 for Styx Glacier ice. 
Taking both uncertainty sources into account together, the final uncertainty of individual 
measurement is given by error propagation as (1.92 + 3.32)1/2 = 3.8 ppb. The uncertainty for 
the mean of a duplicate set is calculated by dividing the individual uncertainty by square root 
of 2, as (3.8 / 21/2) = 2.7 ppb. This is larger than the PSD between the means of the 1st and 2nd 
duplicate sets results (1.3 ppb, n = 15) as shown in Table 2.3.  
The composition of air occluded in ice samples could be affected by ice cracks 
through contamination by modern air, or selective enrichment due to diffusive loss of other 
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gas species such as O2 and Ar (Craig et al., 1988; Sowers et al., 1989). Therefore, if the ice 
is cracked, the samples are cut along with the crack into two or more pieces and trimmed 
both side of crack to avoid possible alteration. To examine whether presence of cracks affects 
data quality, I compared difference between duplicates for the cases of samples with and 
without crack. By trimming out all the crack surfaces, the samples originally containing 
cracks were divided by 2 or 3 pieces after the trimming. The mean offset between the 
duplicate sets of fractured samples (3.5 ± 2.1 (1σ) ppb, n = 47) is similar to that of non-
fractured ice (3.5 ± 2.8 (1σ) ppb, n = 52). Therefore, it was found that dividing an ice sample 
into 2 or 3 pieces to eliminate fracture does not affect significantly [CH4] results.  
For TAC, absence of direct measure of temperature of extracted air inside the sample 
flasks may introduce uncertainty in TAC measurements. From the indirect measure by vapor 
pressure, the upper-limit of the temperature inside the sample flask is estimated to be 2.7 K 
higher than ethanol temperature (see Section 2.3). The TAC sensitivity to 2.7 K change in TF 
is 0.0002 ml g-1ice, therefore the uncertainty due to the temperature inside the flask is 





This Chapter describes a wet extraction system developed for simultaneous 
measurements of [CH4] and TAC in polar ice cores. The replicate measurements using the 
adjacent ice samples indicate that described method show a good reproducibility and long-
term stability. [CH4] measurements using Siple Dome ice core samples agree well with the 
previous results from OSU, confirming the integrity of the system. However, TAC data 
calculated by the described method are offset from the previous results at OSU and WSU. 





Chapter 3. Precise measurements of CH4 and 
N2O compositions in gas trapped in permafrost 
ice wedges and sea ice 
 
 
Abstract. The greenhouse gas (GHG; CO2, CH4, and N2O) compositions of the gas tra
pped in permafrost ice wedges may allow to study the microbial activities under subfre
ezing environment and rapid emission to the atmosphere when permafrost thaws due to
 global warming. Further, the GHG profiles in sea ice may provide insights into gas e
xchange between atmosphere and ocean. Nonetheless, accurate gas extraction methods f
or CH4 and N2O have not been established. Most former works employed melting-refre
ezing under vacuum (wet extraction) or melting in saturated sodium chloride (NaCl) so
lution, which are, however, vulnerable to reactivated microbial activity due to increasin
g temperature during melting. Thus, the reliability of the melting techniques need to be
 tested. In this chapter, I examine the hypothesis that microbes included in ice wedges 
and sea ice become reactivated during melting-refreezing and hence affect the CH4 and
 N2O measurements. To do this, the control wet extraction results were compared with 
two treatment experiments – needle crushing (dry extraction) and biocide treated wet e
xtraction using Siberian ice wedges and Antarctic sea ice. The biocide treatment was d
one by adding 250 μL of 0.15 M mercuric chloride (HgCl2) solution. Results show tha
t wet extraction results of [CH4] are significantly higher than dry extraction and the H
gCl2-treated wet extraction results. In the meanwhile, no significant difference in N2O i
s observed among the three extraction methods. Any significant finding can be inferred
 from the tests with Antarctic sea ice due to extremely small gas content and relatively




Methane (CH4) is an important greenhouse gas and its global warming potential 
(GWP) is about 28 times larger than carbon dioxide (CO2) at centennial timescales (Stocker 
et al., 2013). The atmospheric CH4 mixing ratio ([CH4]) shows rapid growth since the human 
industrialization (Etheridge et al., 1992; Macfarling-Meure et al., 2006) and according to 
most of climate model scenarios, atmospheric [CH4] is expected to increase in the near future 
(Stocker et al., 2013). For better understanding of future climate change, the study of past 
evolution of CH4 and its control mechanisms are essential. However, because the direct 
observation of atmosphere was started since mid-20th century, scientists use polar ice cores – 
as the unique archive of ancient air, to reconstruct past atmospheric [CH4]. Therefore, a 
precise method for extraction of gas from the ice core is important in paleoclimate study. The 
first part of this chapter describes the new wet extraction system developed in Seoul National 
University and the system performance is tested using Antarctic ice cores. 
On the other hand, there are growing observations on CH4 and nitrous oxide (N2O) 
compositions in gas enclosed in ground ice and sea ice. Previous studies found that CH4 and 
N2O compositions in ground ice and sea ice reflect no atmospheric signal, however, these 
observations provide distinct information about in-situ biogeochemical processes within 
these ice. Despite of the pioneering works having greatly extended our knowledge no 
consensus has been reached on appropriate extraction method for the enclosed gas in ice. 
Most of recent studies of ground ice and sea ice have employed the ice melting-refreezing 
(wet extraction) technique for CH4 and N2O analysis (Boereboom et al., 2013). Since the 
ground ice and sea ice contain large amount of impurities and microorganisms compared to 
polar ice cores, [CH4] and [N2O] measurements can be biased by re-activated microbial 
metabolism during melting-refreezing procedure, and this may introduce large uncertainties 
in previous findings.  
To answer the hypothesis, the wet extraction results of [CH4] and [N2O] (control 
experiments) were compared with two treated experiments: needle crusher and biocide 
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(mercuric chloride)-treated wet extraction. The needle crusher method is a technique that 
liberates the enclosed gas by crushing ice samples without melting (e.g. Ahn et al., 2009). 
Despite it prevents the microbial metabolism, the friction between the metal needles and 
impurities (soils and organic matters) may release additional CH4 from the soil aggregates 
and/or produce CH4 by reaction with released carbon with hydrogen gas (e.g. Higaki et al., 
2006). Instead, the mercuric chloride-treated wet extraction effectively inhibits microbial 
activity during melting and any friction with metals. 
Below in this Chapter, first I describe the analytical procedure of each experiment. 
Then the results of the three gas extraction methods are compared and discussed. Also 
addressed is the possible bias of the melting in sodium chloride (NaCl) solution method by 
preferential dissolution of gas species. This study may contribute to more accurate 
determination of greenhouse gases in permafrost ground ice, as well as to better 
understanding of GHG production mechanisms in permafrost.  
 
3.2. Analytical methods and ice samples 
3.2.1. Ice samples 
The ground ice samples were taken from the bluff of the two alas (thermokarst 
depression) in central Yakutia. Churapcha site (61.97°N, 132.61°E) is located about 180 km 
east from Yakutsk. 30-cm long ice wedge cores were drilled perpendicularly to the outcrop 
surface. Cyuie ice wedge (61.73°N, 130.42°E) is located about 30 km southeast from Yakutsk. 
Samples were collected from two outcrops at Cyuie site, which are named CYB and CYC 
(Kim et al., in press). The portions for gas analysis were transported by a direct passenger 
flight from Yakutsk to Seoul. The ice wedge samples were stored in a ground ice-dedicated 
chest freezer maintained under -18°C. 
Antarctic sea ice cores were recovered in November 21 of 2014 on the first-year sea 
ice in front of the Jangbogo Station (JBS), located in Terra Nova Bay (74.62°S, 164.23°E). 
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The sea ice cores were drilled using a hand auger down to 120 to 140 cm below. After 
recovery, the JBS sea ice cores were stored over the sea ice overnight, and then packed into 
an isothermal box with eutectic gels. The JBS cores were shipped to Korea by icebreaker 
Araon and stored in a deep freezer maintained under -45°C before analysis.  
 
3.2.2. Sample preparations 
The ground ice and sea ice are not homogeneous horizontally nor vertically. Therefore, 
the inhomogeneity of ice could bias the results of comparison among the adjacent ice samples. 
To minimize this bias, 100 to 200 g of ice samples were cut into 8 to 15 subsamples in cubic 
shape of ~12 g each, and, for each experiment, three randomly chosen subsamples were used 
for a gas extraction.  
  
3.2.3. Dry extraction 
[CH4]dry and [N2O]dry of ground ice and sea ice samples are measured by the needle-
crusher (dry extraction) system in SNU. The details of the system and gas extraction 
procedures are described in elsewhere (Ahn et al., 2009; Shin, 2014). As the extraction 
chamber cannot accommodate the three subsamples at once, the three subsamples are crushed 
one by one, and the extracted gas from each subsample is trapped in the same sample tube. 
The sample tubes are then attached to the GC equipped with electron capture detector (ECD) 
and FID for [CH4]dry and [N2O]dry measurements. Details of the GC-ECD-FID system are 
given in Ryu et al. (2018). The daily calibration curves were established using the working 
standards of 15.6 ± 0.2 ppm CH4, 10000 ± 30 ppm CH4, 2960 ± 89 ppb N2O, 29600 ± 888 
ppb N2O (Air Korea), and a modern air sample from surface firn at Styx Glacier, Antarctica, 
which was calibrated as 1758.6 ppb CH4 and 324.7 ppb N2O. 
To estimate the systematic contamination during the dry extraction procedure, two 
series of tests were carried out. The first is the contamination due to vacuum line and sample 
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tube. After a gas extraction for an ice subsample is completed, the sample tube is secured, 
and the remaining vacuum line is evacuated for 5 min, an identical amount of working 
standard gas is injected into the extraction chamber. This experiment is referred to as internal 
standard test. The Styx Glacier firn air in the canister is used as a working standard. The 
amount of injected standard gas is measured by the pressure gauges and internal volume of 
the vacuum line and the chamber. Then the standard gas within the chamber is trapped into a 
sample tube. As all the samples are consist of three subsamples, the internal standards are 
prepared after each subsample, and trapped together into a separate sample tube. It is found 
that [CH4] and [N2O] of the internal standard samples have reciprocal relationship with 
amount of gas in the sample tube (Figure 3.1). Although the exact cause is unclear, this 
reciprocal relationship might be resulted from the pseudo-constant amount of CH4 and N2O 
emitted from unknown contaminants inside the sample tubes.  
Another potential source of contamination is due to metal frictions during crushing, 
what is referred to as crushing effect hereafter. Higaki et al. (2006) reported that carbon from 
the damaged surface of stainless steel is reacted with hydrogen gas (H2) to produce CH4. This 
was also observed experimentally by Etheridge et al. (1998). To estimate the crushing effect, 
the dry extraction tests with the bubble-free ice and the working standard gas (Styx Glacier 
firn air) were carried out. As the ice wedge samples were crushed 10 to 60 times, it is 
necessary to figure out whether the magnitude of crushing effect differs depending on the 
number of crushing. To test this effect, the crushing effect tests were done with changing 
number of crushing from 10 to 60. Compared to internal standard results, the crushing effect 
tests increase CH4 by 0 to 3.3 ppm depending on air pressure inside the sample tube, while 
no significant increase is observed in N2O. Despite the number of tests is insufficient, any 
meaningful dependency of the crushing effect on hitting numbers is observed. However, the 
tests using bubble-free ice may not fully reflect the crushing effect of ice wedge 
measurements. The ice wedge samples include permafrost soil particles and organic matters 
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that contain certain amount of carbon and/or nitrogen. Therefore, if the carbon and/or 
nitrogen in ice wedge sample is released during crushing, at least a part of the release carbon 
and/or nitrogen can produce additional CH4 and/or N2O.  
To estimate the influences of ice wedge soil on [CH4]dry and [N2O]dry (soil crushing 
effect hereafter), the crushing effect tests were carried out with the refrozen ice wedge 
samples. The refrozen ice wedge samples were prepared from the leftover meltwater samples 
of the Churapcha and Cyuie ice wedges that were used for the control wet extraction 
experiments. The meltwater samples were refrozen and degassed by two melting-refreezing 
and evacuation procedures. The results indicate an additional increase in [CH4] compared to 
internal standards and crushing effect with bubble free ice, but no significant increment of 





Figure 3.1. CH4 bias compared to Styx Glacier firn air (ΔCH4 ≡ [CH4] – 1758.58 ppb) by a 
He-Cycled Closed Refrigerator (He-CCR) and sample tubes in various conditions. Dashed 





Figure 3.2. N2O bias compared to Styx Glacier firn air (ΔN2O ≡ [N2O] – 324.38 ppb) by a 
He-CCR and sample tubes in various conditions. Dashed lines are the regression lines for 




3.2.4. Control- and HgCl2-treated wet extraction 
The control- and HgCl2-treated wet extraction experiments were carried out by using 
the extraction line described in Chapter 2. This section details the modifications made for 
simultaneous measurement of [CH4] and [N2O]. The bellows toggle valves of the sample 
flask flanges were changed to diaphragm valves that are more resistant to corrosion by HgCl2. 
The He-CCR device was attached to a free port of the vacuum line to cryogenically trap the 
extracted gas in the sample tubes. The gas extraction procedure is identical to that explained 
in Chapter 2. For HgCl2-treated tests, 250 μL of 0.15 M HgCl2 solution was added in the 
sample flasks, and then the flasks were chilled within a deep freezer maintained below -45°C 
to prevent dissolution of laboratory air into the solution. After the wet extraction procedure 
is completed, the vacuum pump is closed, the temperature of the ethanol bath is measured, 
and the sample gas is expanded to P2 (in Figure 2.1) for TAC estimation. The P1 (in Figure 
2.1) is remained closed. Then the valves of the He-CCR and a sample tube are opened. The 
gas transport is monitored by P2. Once the pressure of P2 gauge drops to zero, the sample 
tube and the flask are closed and the vacuum line is evacuated for 5 min. The CH4 and N2O 
compositions of the sample gas are determined by the GC-ECD-FID system. Correction for 
CH4 solubility effect is estimated with gas extraction efficiency and direct measurement of 
[CH4] of air trapped in refrozen meltwater ([CH4]refrozen) as described in Section 2.3.  
The systematic blank contaminations for both control- and HgCl2-treated wet 
extraction experiments were tested using bubble free ice and the working standard gas. Three 
pieces of bubble free ice having similar dimensions were placed in each sample flask, and 
the other procedures are done identically with the real sample experiments. The results 
indicate that the blank contamination of wet extraction experiments is not significantly 
different with that of dry extraction, therefore the control wet- and HgCl2-treated wet 
extraction data were corrected by the regression curve of the composite data set of bubble-
free ice experiments using dry- and wet extraction systems.  
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3.3. Results and Discussion 
3.3.1. Methane  
The comparison of [CH4] by three different gas extraction methods using Churapcha 
and Cyuie ice wedges demonstrates that [CH4]wet results are significantly higher than [CH4]dry 
(p<0.05, two-sided paired t-test). In the individual ice wedge, the null hypothesis of no 
difference ([CH4]wet = [CH4]dry) is rejected at 10% significance level in Cyuie (p=0.06, two-
sided paired t-test), but is not rejected in Churapcha ice wedge (p=0.21, two-sided paired t-
test). This is at least partly because the two ice wedges exhibit different ranges of [CH4] due 
to different geochemical characteristics (see Chapter 6). Instead, it is more reliable to 
compare with ratios of [CH4]wet to [CH4]dry, and [CH4]wet to [CH4]wet,Hg, which are referred to 
as wet-dry ratio and wet-Hg ratio, respectively. The average wet-dry ratio from the both ice 
wedges of 1.5 ± 0.8 (mean ± 1σ) is overall greater than unity, with four exceptions. The null 
hypothesis (wet-dry ratio=1) is rejected at better than 95% in one-sided t-test. The Churapcha 
and Cyuie ice wedges exhibit the wet-dry ratio of 1.4 ± 0.3 (mean ± 1σ, p=0.09) and 1.6 ± 
0.8 (mean ± 1σ, p<0.05), respectively. The wet-dry comparisons indicate that that [CH4]wet is 
in general higher than [CH4]dry. This could be resulted from (1) [CH4] overestimation during 
wet extraction, or (2) underestimation by dry extraction. However, taking into account of the 
crushing effect for ice wedges, the latter is unlikely to explain the observed increase in [CH4] 
by wet extraction. 
To assess the hypothesis that additional CH4 is produced by microbial activity during 
wet extraction, the [CH4]wet results are compared with [CH4]wet,Hg. The mean [CH4]wet of the 
both ice wedges is again significantly higher than [CH4]wet,Hg (p<0.01, two-sided paired t-
test). The individual ice wedges exhibit the enrichment of [CH4]wet compared to [CH4]wet,Hg 
(p<0.05 for both ice wedges, two-sided paired t-test). Consequently, the average wet-Hg ratio 
of both ice wedges is given 2.1 ± 1.7 (mean ± 1σ) that rejects the null hypothesis (wet-Hg 
ratio = 1) at 99% significant level in one-sided t-test. The mean wet-Hg ratios of Churapcha 
47 
 
and Cyuie samples are 2.6 ± 2.4 (mean ± 1σ) and 1.7 ± 0.7 (mean ± 1σ), respectively. The 
results of comparison between control- and HgCl2-treated wet extraction indicate that 
microbial activity might be an important factor that is responsible for the [CH4]wet increase. 
On the other hand, the wet-dry ratio and wet-Hg ratio are increasing with increasing 
[CH4]wet. For [CH4]wet higher than ~20 ppm, [CH4]dry and [CH4]wet,Hg show nearly flat trend 
as [CH4]wet continue increasing (Figure 3.3). This may imply that [CH4] bias due to wet 
extraction is maximized in the ice wedge samples having higher [CH4] than ~20 ppm, for 
instance, the Alaskan ice wedges (see Chapter 6). In the meanwhile, the positive correlations 
between [CH4]dry and [CH4]wet (r=0.77, p<0.05) and between [CH4]wet and [CH4]wet,Hg (r=0.75, 
p<0.01) imply that the randomly chosen subsamples are well mixed, despite the four samples 
exhibit higher [CH4]dry values than [CH4]wet (Figure 3.4). There are also two samples that 
show higher [CH4]wet,Hg than [CH4]wet, which could be due to underestimation of systematic 
blank in HgCl2-treated bubble free ice tests, and/or casual selection of high CH4 samples in 
control sample flask.  
 
3.3.2. Nitrous oxide 
Unlikely to methane, the two-sided paired t-tests indicate that no significant 
difference exists among [N2O]dry, [N2O]wet, and [N2O]wet,Hg (Table 3.2). The mean wet-dry 
ratio of N2O from both ice wedges exhibits a wide range of 5.8 ± 11.7 (mean ± 1σ), but 
excluding the two samples (CYB-02-D and CYC-02-B) whose wet-dry ratios exceed 10, it 
becomes 1.7 ± 1.7 (mean ± 1σ). The mean wet-Hg ratio from both ice wedges is given 1.6 ± 
1.1 (mean ± 1σ). The one-sided paired t-test rejects the null hypothesis (wet-Hg ratio=1) at 
better than 95%. Figure 3.3 exhibits no significant trends of [N2O]dry and [N2O]wet,Hg 
depending on [N2O]wet. Therefore, no strong evidence is found that [N2O] analysis results are 
significantly affected by microbial activity during wet extraction. 
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Figure 3.3. Dry- and HgCl2-treted wet extractions compared to control wet extraction. The 
grey dashed lines indicate the slope of 1.  
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3.3.3. Reliability of previous method of melting within saturated NaCl solution 
Most former works by Russian scientists on CH4 concentration in ground ice samples 
employed a simple and field-deployable gas extraction method (e.g. Arkhangelov and 
Novgorodova, 1991; Brouchkov and Fukuda, 2002; Cherbunina et al., 2018a). The detailed 
description is given elsewhere in Arkhangelov and Novgorodova (1991) and Cherbunina et 
al. (2018b). In brief, a 1–3 kg of ground ice is melted in 10–15 L of NaCl saturated solution, 
and a funnel is placed upside down into the solution to trap the bubbles. The other side of 
funnel is connected to a 50 mL glass vial filled with NaCl solution so that the extracted gas 
is trapped in the headspace of the vial. After the ice sample is completely melted, the vials 
are transported to measure CH4 mixing ratio. This method allows the immediate gas 
extraction in the sampling site and prevents possible contaminations by partial melt of ground 
ice during transportation. However, the authors did not consider the gas solubility effect (see 
Section 2.3.2). Arkhangelov and Novgorodova (1991) argued that the gas solubility would 
be minimized in the saturated NaCl solution and any correction was made for the solubility 
effect. Therefore, below in this section I roughly estimate the solubility effect of the saturated 
NaCl method.  
Assuming a constant temperature of NaCl solution of 20°C, molality of the NaCl 
solution of 6.15 mol kg-1, gas pressure of the headspace of the vial of 1 bar, ice sample mass 
of 2 kg, and the total air content of 30 mL kg-1. Also assumed is that the time for transportation 
of the 50 mL vials to the laboratory is much longer than the time for melting, so that the 
sample gas is equilibrated only with the NaCl solution in 50 mL vial. The assumed 
composition of sample gas is: N2 (84%), O2 (5%), Ar (1%), CO2 (10%), CH4 (0.05%) and 
N2O (0.005%). The thermodynamic models were extrapolated to calculate gas solubilities of 
N2 (Mao and Duan, 2006), O2 (Geng and Duan, 2010), CO2 (Duan and Sun, 2003), and CH4 
(Duan and Mao, 2006). Ar solubility was calculated by Setschenow equation with Bunsen 
coefficient in pure water (Weiss, 1970) and parameterization of salting out effect by Smith 
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and Kennedy (1983). All gas solubilities are calculated as moles of gas dissolved in unit 
kilogram of saturated NaCl solution (in mol kg-1). Resulting sum of the gas solubilities yields 
0.05 mmol in 50 mL of saturated NaCl solution, implying that about 2% of extracted gas 
from 2 kg of ice wedge sample (2.68 mmol) is dissolved under equilibrium. The [CH4] and 
[N2O] in the dissolved air are given as 110 and 275 ppm, respectively. Therefore, applying 
the solubility correction formula described in Section 2.3.2 yields [CH4]total of 492 ppm and 
[N2O]total of 54 ppm. This results demonstrate that the saturated NaCl method could 
overestimate [CH4] by ~1.6% and underestimate [N2O] by ~9.0%. It should be noted that 
dissolution during melting is not considered and hence the above results would be lower 
bound estimates. 
Another aspect that should be considered is microbial activity in NaCl solution. The 
saturated NaCl method is based on the assumption that microbial activity is entirely inhibited. 
However, previous works have reported halophilic methanogens (e.g. Paterek and Smith, 
1985; Sorokin et al., 2017) and denitrifiers (e.g. Mancinelli and Hochstein, 1986; Sorokin et 
al., 2006). Therefore, HgCl2-treated wet extraction would be a more suitable method for 
ground ice samples because the microbial activities are more efficiently inhibited by HgCl2 
and gas dissolution is minimized by refreezing the meltwater. 
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Table 3.1. CH4 mixing ratios measured by three extraction methods ([CH4]dry, [CH4]wet, and 
[CH4]wet,Hg) from Churapcha (CHC) and Cyuie (CYB and CYC) ice wedges.  
 
Sample ID 




CHC-07 3.8 4.9 3.2 1.3 1.5 
CHC-19 2.7 3.3 2.8 1.2 1.2 
CHC-10 6.1 5.5 3.8 0.9 1.4 
CHC-08 1.6 5.3 1.3 3.3 4.1 
CHC-18 2.4 3.4 0.4 1.4 8.5 
CHC-30 4.2 4.4 2.6 1.0 1.7 
CHC-04 8.1 7.0 6.1 0.9 1.1 
CHC-12 2.6 3.2 3.7 1.2 0.9 
CYB-06-A 13.4 39.1 11.6 2.9 3.4 
CYC-02-A 5.8 8.0 5.2 1.4 1.5 
CYC-03-B 15.5 20.3 20.5 1.3 1.0 
CYB-05-C 11.3 19.4 13.5 1.7 1.4 
CYB-02-D 7.0 8.3 5.0 1.2 1.7 
CYB-02-C 6.7 5.3 7.8 0.8 0.7 
CYB-04-D 8.4 10.5 8.2 1.3 1.3 
CYC-01-C 14.9 13.9 10.2 0.9 1.4 
CYC-03-C 29.3 30.9 13.2 1.1 2.3 





Table 3.2. N2O mixing ratios measured by three extraction methods ([N2O]dry, [N2O]wet, and 
[N2O]wet,Hg) from Churapcha (CHC) and Cyuie (CYB and CYC) ice wedges. 
 
Sample ID 




CHC-10 48.1 65.0 31.7 1.4 2.1 
CHC-08 76.5 42.1 46.6 0.6 0.9 
CHC-18 19.4 15.8 14.8 0.8 1.1 
CHC-30 14.1 22.3 13.5 1.6 1.7 
CHC-04 34.4 43.3 39.9 1.3 1.1 
CHC-12 58.6 62.7 47.2 1.1 1.3 
CHC-07 113.7 86.6 119.2 0.8 0.7 
CYB-06-A 0.5 0.7 0.2 1.4 3.3 
CYC-02-A 0.5 0.7 0.2 1.4 3.4 
CYC-03-B 0.8 1.4 0.9 1.8 1.6 
CYB-05-C 0.9 1.0 1.9 1.1 0.5 
CYB-02-D 0.3 13.4 4.7 44.7 2.8 
CYB-02-C 1.3 2.9 3.5 2.2 0.8 
CYB-04-D 0.5 3.9 1.1 7.8 3.6 
CYC-01-C 0.7 0.7 3.2 1.0 0.2 
CYC-03-C 0.7 0.6 3.6 0.9 0.2 
CYC-02-B 0.3 8.6 3.7 28.7 2.3 
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3.3.4. Sea ice 
The JBS sea ice samples show a mean wet-dry ratio of 0.6 ± 0.3 (1σ), rejecting the 
null hypothesis (wet-dry ratio=1) at 90% significant level (p=0.07). However, given that 
scattering of the internal standard tests covering the pressure range of sea ice samples 
becomes larger than ice wedges, the analytical uncertainty should be taken into account. The 
pooled standard deviation of the five internal standard results is 1.3 ppm. The null hypothesis 
that the average offset between [CH4]dry and [CH4]wet is 1.3 ppm cannot be rejected at 90% 
significance level (p=0.13). On the other hand, [CH4]wet,Hg results are not significantly 
different from [CH4]wet (p=0.96).  
In N2O, the average wet-dry and wet-Hg ratios are slightly greater than unity, but both 
are statistically insignificant. If excluding the JBS3-8 sample that shows the highest [N2O]wet 
value, the [N2O]wet,Hg results are significantly lower than [N2O]wet, and the mean wet-Hg ratio 
becomes 0.6 ± 0.2 (1σ, p<0.01). This may imply that N2O consumption mechanisms likely 
occur by microbial activity during wet extraction. However, the fact that [N2O]dry values are 
the lowest among [N2O]wet and [N2O]wet,Hg makes interpretation difficult. As the microbial 
activities are supposed to be inhibited in both dry and HgCl2-treated wet extraction, the offset 
between [N2O]dry and [N2O]wet,Hg might be related to physico-chemical factors. For example, 
it can be hypothesized that needle crushing method cannot extract the highly concentrated 
N2O in brine, unlikely to wet extraction where the brine portion of N2O is extracted as well. 
This hypothesis could partly explain the apparently higher [CH4]dry than [CH4]wet and 
[CH4]wet,Hg, because [CH4] in brine would be lower than [CH4]dry, as shown in the previous 
section. Based on the above evidences, the influences of different gas extraction techniques 
on [CH4] and [N2O] analysis are not clear. To provide a clearer insight, future studies should 
use larger sea ice samples to obtain enough quantity of gas, and address which portion of gas 
is extracted by each methodology. 
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Table 3.3. CH4 and N2O mixing ratios measured by three extraction methods using JBS sea ice samples. NA indicates “not available” due to 
no analysis.  
 
Sample ID 








ppm ppm ppm ppm ppm ppm 
JBS4-04 NA 6.3 7.2 NA 1.1 NA 7.3 10.1 NA 0.7 
JBS4-05 10.7 11.4 16.2 1.1 1.4 3.5 4.2 11.5 1.2 0.4 
JBS4-06 13.2 2.8 6.0 0.2 2.1 3.0 2.5 7.0 0.8 0.4 
JBS4-09 NA 17.4 14.7 NA 0.9 NA 7.5 19.3 NA 0.4 








Unlikely to CO2 and CH4, the ice wedge N2O compositions are both higher and lower 
than atmospheric mixing ratios. N2O is produced by nitrification and denitrification processes. 
Nitrification is dominant under presence of O2, and denitrification becomes dominant once 
anoxia is reached. Aerobic denitrification is unlikely to occur in ice wedges because of cold 
temperatures (e.g. Ji et al., 2015). Denitrification is carried out by a variety of denitrifying 
bacteria and catalyzed by enzymes involved in each step of denitrification. However, there is 
a number of abiotic N2O production pathways, including chemo-denitrification, oxidation of 
hydroxylamine (NH2OH), and snow/ice melting. Chemo-denitrification is chemical 
reduction of NO3- (and its reduced forms) by reaction with ferrous iron (Fe2+) (e.g. Picardal, 
2012). The N2O production by chemo-denitrification has been observed in dark, subzero 
temperature environment in Antarctic lake (Ostrom et al., 2016). Chemo-denitrification 
prefers NO2- over NO3- to produce N2O and N2 (Samarkin et al., 2010), and is characterized 
by higher N2O:N2 production ratio than microbial denitrification (Moraghan and Buresh, 
1977; Senbayram et al., 2012). Therefore, chemo-denitrification consumes less NO3- and 
produces less N2O than microbial denitrification. The molar ratios of NO3- to N2O in the 
Siberian ice wedges (Churapcha, Cyuie, and Syrdakh) is less than 5% (0.7 ± 1.0% in average), 
indicating that a minor portion of available NO3- was reduced to N2O. This evidence favors 
chemo-denitrification dominance, but lack of other information makes the source 
discrimination elusive. Chemical decomposition of NH2OH was recognized as an important 
abiotic N2O source (e.g. Bremner, 1997; Schreiber et al., 2012). NH2OH is microbially 
produced via the first step of nitrification, but is hardly detectable in soils due to high 
reactivity (e.g. Heil et al., 2016). The NH2OH is chemically oxidized with ferric iron (Fe3+) 
or manganese (IV) (e.g. Zhu-barker et al., 2015). The chemical oxidation of NH2OH occurs 
dominantly in acidic condition, because, at higher pH, unprotonated NH2OH (NH3OH+) 
reacts with soil organic matters rather than with Fe3+ and Mn4+ to produce N2O (Thorn et al., 
1992). Therefore, the N2O production by chemical oxidation of NH2OH is considered as 
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minor. The other possible cause for elevated N2O is partial melting of snow/ice for the 
samples where no δ(N2/Ar) data are available. The average atmospheric N2O mixing ratio 
over 28000–40000 year BP is 223 ppb (Schilt et al., 2010). Using the theoretical gas 
solubilities (Fogg and Sangster, 2003), the snow/ice melting and dissolution of atmospheric 
N2O would increase N2O composition in refrozen ice up to the order of ~10 ppm under 
equilibrium. Most of the observed N2O composition in Cyuie and Syrdakh ice wedges lie in 
this range, while most of the Churapcha samples are higher than ~10 ppm. However, the 
inverse relationship between CH4 and N2O is not supported by melting because, if snow/ice 
melting is dominant alteration process, it should increase CO2, CH4, and N2O compositions 
simultaneously. Therefore, it can be inferred that the snow/ice melting would not be a 
dominant alteration process. 
On the other hand, since N2O is not an end-product of denitrification, N2O can be 
further reduced to N2, despite only about one-third of denitrifiers have the N2O reducing 
enzyme (e.g. Miteva et al., 2016). The activity of the N2O reducing enzyme is dependent on 
temperature (e.g. Melin and Nômmik, 1983) and pH (e.g. Liu et al., 2010). However, large 
difference in temperature among the three Siberian ice wedges is unlikely because the 






Figure 6.12. Boxplot of (a) CO2, (b) CH4, and (c) N2O compositions in Cyuie, Churapcha, 
Syrdakh, and Fox tunnel TD and 38W ice wedges (from left to right column). Note that the 




6.4.4. Different GHG compositions among the ice wedges 
Despite of the close locations of the Churapcha, Cyuie, and Syrdakh ice wedges, the 
three study sites exhibit different CH4-N2O compositions. The Churapcha ice wedges exhibit 
N2O compositions as high as ~80 ppm, while CH4 compositions are lower than 20 ppm. In 
contrast, Cyuie and Fox Tunnel ice wedges show high CH4 compositions up to ~130 ppm 
and N2O compositions are lower than 6 ppm. Syrdakh ice wedges have both lower 
compositions of CH4 and N2O, but the number of samples is not enough to see the overall 
range. 
The Churapcha ice wedge ice contain higher NO3- and SO42- concentrations compared 
to Cyuie and Fox Tunnel ice wedges (Table 6.2). The NO3- and SO42- are used as alternative 
electron acceptors in the reduction-oxidation (redox) reactions under anoxic environment. 
The redox potentials of the NO3- and SO42- reductions are higher than methanogenesis. 
Therefore, the higher NO3- and SO42- concentrations imply that microbial CH4 production 
might be hampered in Churapcha ice wedges. In contrast, the NO3- and SO42- are relatively 
depleted in Cyuie ice wedges (Table 6.2). This indicates that redox potential in the Cyuie ice 
wedge ice has been depleted, and hence it is more favorable condition for methanogenesis. 
Then, why the NO3- and SO42- are more depleted in Cyuie than Churapcha ice wedges?  
One possible explanation is that different organic matter inputs could change redox 
condition in ice. The pollen records from lake sediments in central Yakutia demonstrate 
abrupt vegetation shifts from herbs to shrubs and trees roughly over 20–10 kyr BP (Demske 
et al., 2005; Muller et al., 2010; Tarasov et al., 2007). Therefore, considering the radiocarbon 
age of each site, it is likely that organic matters from shrubs and trees were introduced in the 
Cyuie ice wedges, while the organic matters in the Churapcha ice wedges were dominantly 
from herbs. As the plant litters of shrubs and trees show higher C/N ratio than herbs, the 
microbes require additional nitrogen to maintain their own C/N ratio of ~25, causing nitrate 
deficiency around soils (Weil and Brady, 2017). In the meanwhile, organic matter input from 
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herbs and degraded soils with C/N ratio lower than 25 does not lead additional nitrogen 
consumption for organic matter degradation. The high resolution analysis of major ion 
concentrations and comparison with centimeter-scale GHG data will be helpful to better 





Figure 6.13. Boxplot of major ion concentrations of Churapcha, Syrdakh, and Fox tunnel 




This Chapter investigates the compositions, distributions, origins, and control 
mechanisms of GHG (CO2, CH4, and N2O) in Siberian and Alaskan ice wedges. The CO2 and 
CH4 compositions in ice wedges are greater than paleoatmospheric levels found in polar ice 
cores, indicating that in-situ CO2 and CH4 production has occurred within the ice wedge ice. 
The observed CO2 and CH4 compositions are higher than expected by physical and chemical 
alteration processes, suggesting the major source of CO2 and CH4 being microbial respiration 
and methanogenesis, respectively. The N2O compositions exhibit both lower and higher 
values compared to paleoatmospheric mixing ratio records, and are mainly controlled both 
by microbial and/or chemical denitrification. The major ion concentrations in ice wedge 
meltwaters suggest that redox status in ice could be an important control on in-situ CH4 and 
N2O production. The high resolution GHG analysis provide evidences for smoothing of GHG 
variabilities by gas diffusion in ice. The non-significant difference in GHG compositions 
between dark- and clear ice could be partly explained by diffusion.  
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weight [CO2]dry [CH4]dry [N2O]dry 
g % ppm ppm 
CHC-01-1 10.1 10.6 22.5 1.5 
CHC-01-2 12.5 9.9 9.2 2.2 
CHC-02-1 9.1 11.6 16.0 16.7 
CHC-03-1 10.0 12.1 5.4 11.1 
CHC-03-2 8.3 11.3 5.9 16.3 
CHC-05-1 12.0 12.1 2.9 111.2 
CHC-05-2 7.4 10.8 4.3 112.2 
CHC-05-3 9.3 11.5 3.6 116.3 
CHC-07-1 9.3 10.2 4.1 77.2 
CHC-09-1 7.7 10.8 4.2 45.9 
CHC-11-1 8.5 11.9 6.3 91.3 
CHC-13-1 8.3 11.2 9.9 68.1 
CHC-15-1 7.5 10.3 3.6 51.6 
CHC-15-2 11.4 10.9 5.9 60.7 
CHC-16-1 6.7 13.8 5.9 16.7 
CHC-17-1 10.7 11.4 7.2 11.9 
CHC-19-1 8.3 12.8 3.8 40.9 
CHC-21-1 9.0 11.8 3.1 43.5 
CHC-21-2 13.6 10.7 3.7 88.5 
CHC-23-1 8.8 11.9 4.6 40.7 
CHC-25-1 8.9 10.7 3.7 88.5 
CHC-26-1 9.8 12.1 4.1 87.3 
CHC-27-1 8.9 11.8 1.3 18.2 
CHC-27-2 8.4 12.1 4.5 19.5 
CHC-31-1 9.3 8.2 4.5 6.7 
CHC-33-1 10.2 8.3 6.4 14.4 
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Table 6.7. Summary of discrete GHG measurements of Syrdakh ice wedges. 
 Samples weight [CO2]dry [CH4]dry [N2O]dry 
 g % ppm ppm 
SYR-02-1 13.7 6.5 4.4 2.3 
SYR-03-1 11.4 8.3 5.0 2.6 
SYR-04-1 9.6 9.5 8.0 2.6 
SYR-05L-1 10.0 10.7 3.3 0.7 
SYR-05R-1 7.6 8.9 9.1 0.5 
SYR-06L-1 6.5 6.8 4.7 2.6 
SYR-06R-1 9.7 5.1 6.1 15.0 
SYR-08-1 13.4 6.3 3.7 0.4 
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Table 6.8. Summary of discrete GHG measurements of Cyuie ice wedges. Data of Kim et al. 




weight [CO2]dry [CH4]dry [N2O]dry 
g % ppm ppm 
CYB-01-a-1 13.4 11.7 14.2 2.0 
CYB-01-a-2 9.9 13.2 12.7 0.1 
CYB-01-d-1 10.0 9.9 28.0 0.7 
CYB-02-a-1 14.5 9.5 21.7 1.5 
CYB-02-b-1 10.0 10.4 86.2 0.3 
CYB-02-c-1 9.9 10.3 30.2 0.5 
CYB-04-d-1 10.3 10.3 11.3 0.5 
CYB-05-a-1 11.9 7.8 56.2 0.4 
CYB-05-b-1 10.5 11.0 18.7 2.2 
CYB-05-c-1 12.5 11.4 11.8 1.2 
CYB-06-b-1 9.5 7.4 47.4 0.1 
CYC-01-b-1 9.3 11.9 11.0 5.5 
CYC-01-c-1 9.3 10.5 32.2 1.6 
CYC-02-c-1 10.4 11.1 62.8 2.4 
CYC-03-a-1 10.3 ND 34.7 ND 
CYC-03-b-1 7.7 9.0 91.2 2.1 
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극지 빙하코어에 포집된 온실기체와 시추공 온도를 이용한 
고기후 복원 및 영구동토 얼음쐐기에서의 온실기체 생
성 기원에 관한 연구 
 
20 세기 이후 지속된 지구온난화는 다가올 수십 년 간 이어질 것으로 
예상된다. 미래 기후 환경 변화를 정확히 예측하기 위해 기후변화 기작을 
이해하는 것이 중요하다. 고기후 프락시 자료는 관측으로는 획득할 수 없는 백 
년 규모의 자연적 기후변동성과 강제력에 대한 정보를 제공한다. 이러한 고기후 
프락시 자료들 중, 지구 표면의 약 사분의 일을 차지하는 빙권 자료는 기후변화 
기작에 대한 정보를 제공하지만, 최근의 지구온난화와 극 증폭 현상에 의해 
소실될 위험에 처해 있다. 따라서, 본 학위논문은 극지 빙하코어, 시추공 온도, 
얼음 쐐기 및 해빙 시료를 이용한 고기후 복원 가능성에 대해 연구하였다. 
본 논문에서는 빙하코어에 포집된 오래된 공기의 온실기체 조성을 
분석하기 위한 습식기체추출장비를 새롭게 개발하였다. 동일 시료의 반복 측정 
실험 및 미국 오레곤 주립 대학교와의 비교 실험 결과 우수한 성능을 확인했다. 
또한, 얼음쐐기 및 해빙 시료에 대한 장비의 신뢰도를 검증하기 위해 
건식추출법과 염화수은을 첨가한 습식추출법으로 측정한 결과와 비교 실험을 
진행했다. 그 결과, 얼음 시료를 녹인 후 다시 얼리는 습식추출과정에서 다시 
활성화된 미생물 대사 작용에 의해 메탄 조성 분석 결과가 오염될 수 있음을 
발견했다. 토양을 포함한 인공 빙하를 이용한 실험 결과 얼음을 파쇄하는 
건식추출과정 또한 메탄 농도를 오염시킬 수 있음을 발견했다. 따라서, 
얼음쐐기에 포집된 메탄 농도를 분석하는 데에는 염화수은을 첨가한 
습식추출법이 건식추출법 및 일반적인 습식추출법보다 더 정확하다. 얼음쐐기의 
산화이질소 농도는 습식추출과정에 의해 유의미한 영향을 받지 않는다. 한편, 
극미량의 기체함량으로 인해 해빙에 대한 비교실험에서는 유의미한 결과를 
도출하지 못하였다.  
새롭게 개발한 기체추출장비와 남극 사이플돔 빙하 시료를 이용하여 초기 
홀로세(약 11600 년 전부터 7700 년 전까지) 동안의 대기 중 메탄 변동성을 
복원하였다. 새롭게 복원한 초기 홀로세 메탄 기록은 약 1000 년 주기로 
발생했던 네 차례의 급격한 메탄 감소 사건을 나타낸다. 각 메탄 감소 사건은 
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그린란드의 급격한 기온 감소, 적도수렴대의 남하, 그리고 아시아 및 인도 
몬순의 약화 현상과 유사한 시기에 발생했다. 그린란드 빙하코어의 메탄 자료와 
비교하여 계산한 메탄의 양극간 차이는 홀로세 시작부터 약 9500 년 전까지 
점진적으로 증가했고, 이는 빙하의 후퇴에 따라 고위도 메탄 배출량이 
증가했음을 의미한다.  
시추공 온도를 이용한 남극 북빅토리아랜드의 스틱스 빙하의 과거 표면 
온도 복원 결과 20 세기 평균 온도는 16-18 세기에 비해 약 1.7 도 상승한 
것으로 나타난 반면, 20 세기 중반 이후에는 유의미한 기온 상승이 관찰되지 
않았다. 남극 연평균 표면 온도 복원 자료를 이용하여 남반구 극진동 지수, 
아문젠해 저기압의 중심기압과 중심위치에 대해 계산한 합성값 편차에서 
남반구 극진동과 유의미한 음의 상관관계를 관찰하였다. 또한, 빙하코어에서 
복원한 과거 2000 년 간 남반구 극진동 지수와 비교한 결과 지난 수백 년 동안 
남반구 극진동에 의한 영향을 받았음을 발견했다.  
얼음쐐기에 포집된 온실기체 농도는 미생물 활동에 의해 온실기체가 
생성되었음을 나타낸다. 하지만, 유입된 유기물의 종류와 상태에 따른 
얼음쐐기의 산화 환원 전위의 차이에 의해 얼음쐐기 내 메탄과 산화이질소 
생성 작용이 달라질 수 있다. 또한, 플라이스토세 연령의 얼음쐐기의 수 
센티미터 규모의 온실기체 조성은 얼음 내 온실기체 확산 작용에 의해 영향을 
받을 수 있음을 발견했다.  
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